Endophenotypes represent intermediate phenotypes on the putative causal pathway from the genotype to the phenotype. They offer a potentially valuable strategy to examine the molecular etiopathology of complex behavioral phenotypes such as schizophrenia. Neurocognitive and neurophysiological impairments that suggest functional impairments associated with schizophrenia have been proposed as endophenotypes. However, few studies have examined the structural variations in the brain that might underlie the functional impairments as useful endophenotypes for schizophrenia. Over the past three decades, there has been an impressive body of literature supporting brain structural alterations in schizophrenia. We critically reviewed the extant literature on the neuroanatomical variations in schizophrenia in this paper to evaluate their candidacy as endophenotypes and how useful they are in furthering the understanding of etiology and pathophysiology of schizophrenia. Brain morphometric measures meet many of the criteria set by different investigators, such as being robustly associated with schizophrenia, heritable, quantifiable, and present in unaffected family members more frequently than in the general population. We conclude that the brain morphometric alterations appear largely to meet the criteria for endophenotypes in psychotic disorders. Some caveats for the utility of endophenotypes are discussed. A proposal to combine more than one endophenotype (''extended endophenotype'') is suggested. Further work is needed to examine how specific genes and their interactionswith theenvironmentmayproduce alterationsin brain structure and function that accompany psychotic disorders.
Introduction
Research over the last century has led to major advances in the understanding of the neurobiology of schizophrenia. However, the neurobiological abnormalities are so varied that no single abnormality is observed across the entire diagnostic rubric subsumed under the Diagnostic and Statistical Manual of Mental Disorders, IV edition (DSM IV 1 )-defined schizophrenia. While one of the major reasons is poorly defined phenotypic boundaries, such inconsistent observations may be attributed to differing underlying genetic architecture of individuals with schizophrenia. The role of genetic factors in the etiology of schizophrenia has been supported by a high heritability for schizophrenia. This suggests that a large part of the variance for the etiology of schizophrenia is contributed by genetic factors. Having stated this, the precise nature of genetic basis of schizophrenia still remains unclear. It is still unclear regarding which gene or genes are responsible and variations in how many genes are required for the onset of the clinical syndrome. Current thinking is that the disease may be due to several genes of small effect that interact with environmental factors. Examining such interactions is a daunting task. In comparison to this, a larger challenge by several orders of magnitude is to precisely delineate the pathway(s) that connect genetic variations to the phenotype in question. Several factors contribute to this challenge. Besides the poorly defined phenotypic boundaries, genetic investigations have been hampered by small effect of the identified genetic risk loci, poorly understood pathophysiology, possible contribution of several genes, and complex interactions among the genes and with the contributing environmental factors. An alternative view is that schizophrenia is a common disease caused by multiple rare variants. 2 Even with this possibility, the challenge is nevertheless not any smaller in identifying such variants and elucidating the pathophysiologic pathway.
Herein lies the potential utility of endophenotypes. Endophenotypes are quantitative traits in the putative pathophysiologic pathway from the genotype to the phenotype. 3 They offer a valuable strategy to help address the above problems potentially more effectively. This is especially true in the current clinical scenario where the official psychiatric classification systems continue to be based on nonspecific symptoms and not on neurobiology. 4 Further, syndromal definitions of the disorder are arbitrary and the disorders are considered categorically while ignoring the dimensional overlap of the symptoms. These factors make it difficult to map specific psychiatric illnesses as defined in the official classificatory systems to the genome.
There are many advantages of investing in closely examining the endophenotypes. They are often closer to the underlying genetic variations in the pathophysiologic pathway. These markers may be relatively simpler to examine compared with the clinical manifestations. The endophenotypic traits may be determined by fewer genes than the complex behavioral phenotypes; consequently, one could envision relatively fewer interacting factors that may portend fewer neuronal networks involved in its regulation. They may, therefore, offer a better ''foothold'' for the researcher to move closer to understanding the underlying causes and mechanisms of mental illnesses including the underlying genetic variations, relevant interacting environmental factors, their impact on the brain, and the associated clinical symptoms. However, these assumptions are overly simplistic. The ''endophenotypic'' markers may not be pathophysiologically or genetically simpler than the clinical phenotype. As would be clear from the discussion that follows, some endophenotypes may be common to more than one DSM IV-defined nosologic entity, while some are relatively more specific. Such critical observations could provide potential ''branch points'' to delineate the pathophysiologic pathways and biologically dissect the psychiatric syndromes. Another important advantage to examining the endophenotypes is that they are quantifiable as continuous measures, and therefore, a dimensional approach is tenable while employing endophenotypes as one of the outcome variables. Further, these markers may be utilized in the quantitative trait locus (QTL) approaches.
Definition of Endophenotypes and Its Scope
Gottesman and Gould 5 offered a set of five defining criteria for endophenotypes. In order to be called an endophenotype, a biological marker should (a) be associated with the illness in the relevant population; (b) be state independent, ie, present both during periods of illness and wellness; (c) be heritable; (d) cosegregate with the illness within families; and (e) be present in unaffected family members more frequently than in the general population. The issue of state independence of a marker has been modified to include the epigenetic influence on a given marker. In the absence of a disease or before the onset of a disease, these markers should be able to be detected following a challenge, such as a cognitive challenge in Alzheimer's disease or schizophrenia or glucose challenge in diabetes mellitus. 6 In addition to the above criteria, other investigators have suggested different but overlapping ''criteria'' sets. [7] [8] [9] [10] [11] [12] They are as follows: (1) Endophenotypes need to be related to the cause rather than the consequence of the illness (in other words, the marker should at least be involved in a biologically plausible mechanism of pathogenesis 13, 14 ), (2) they should have reliable psychometric properties or be reliably measured, (3) the markers should be stable over time, and (4) they should be related to the symptoms/features of the illness. In addition, some researchers propose that an endophenotype should be continuously quantifiable, should probabilistically predict the disease, and should be closer to the primary etiology than to the diagnostic category. 12 Thus, the definition of endophenotype can vary in its stringency. At this stage, it is not clear how many of these criteria a marker should meet in order to consider it an endophenotype.
Certain caveats in the utility of endophenotypes merit discussion here. It is often questioned whether the endophenotypes are indeed internal (endo-) as opposed to being exophenotypes, eg, neurocognitive variations. For the latter, the term ''intermediate phenotypes'' is suggested, implying that these traits may be closer to the syndromal expression. The term ''endophenotype'' may be reserved for quantifiable, heritable traits that are not manifestly expressed, eg, the brain structural variations and brain oxygenation level-dependent (BOLD) responses measured using functional magnetic resonance imaging. These traits also may be localized within the pathophysiologic pathway whose impact may be externally manifested as an intermediate phenotype.
Several potentialendophenotypic/intermediate markers have been proposed in schizophrenia, including neurocognitive impairments [15] [16] [17] [18] [19] [20] and electrophysiological abnormalities. 21, 22 Because the endophenotypes may be relatively closer to the genetic etiology of a disease, it is assumed that these traits may be associated with fewer interactions, determined by more discrete networks, and the effect size of genetic variations on the endophenotypes are presumed to be larger than on the clinical phenotype. This may not be applicable to all traits in the pathophysiologic pathway. For example, neurocognitive traits may be farther away from the genetic variations but closer to the clinical manifestation. Environmental influences and nongenetic factors, such as subject motivation, test administration, may influence the measurement process affecting the heritability estimates. Nevertheless, a recent genome-wide linkage study on a large sample of nuclear families with multiple affected members showed stronger association with neurocognitive endophenotypes than for the clinical diagnosis. 23 For example, a locus on 4q13-25 within a 30cM region accounted for 33%, 33%, and 32% of the variation in delayed memory, semantic clustering, and verbal learning, respectively, using variance component analysis. When these investigators included the schizophrenia spectrum disorder as dichotomous variable, it greatly reduced the linkage signal. On the contrary, a large meta-analysis of published studies found that the effect size of genetic variations was not necessarily larger for the endophenotypes compared with the phenotype itself. 24 These authors examined neurocognitive performance on Wisconsin card-sorting test (WCST) that measures executive function, N-back tasks for working memory, and the P300 event-related potential variables with one exonic single-nucleotide polymorphism (SNP) on catechol-O-methyl transferase gene (COMT; rs4680; Val/Met). All three examined measures showed small effect sizes; for perseverative errors on WCST and the N-back task performance, an estimated effect size was 0.5% of the phenotypic variance (V P ), whereas it was 0.01% for the event-related potential P300. These small effects may be because, as authors point out, WCST and N-back structure may be complex. Further, performance on such tasks may be influenced by measurement and performance biases, testing conditions, and other variables not directly related to the pathology in question and may not be related to the genetic effects. In contrast to these measures, BOLD responses related to serotonin transporter gene polymorphism (5-HTT) and P50, an event-related potential related to 7-nicotinic acid receptor, were found to have larger effect sizes. These studies demonstrate that selection of endophenotypes needs closer examination of the trait using sufficiently powered samples, replicate studies, and meta-analyses.
While it remains unclear whether these putative endophenotypes help in linkage or association studies, the utility of these markers as quantitative traits in the QTL approach may provide better power to detect bigger effect sizes. In this approach, traits of interest are continuous variables compared with the dichotomous trait of diagnosis. Quantitative trait locus is a region of the chromosome that would be correlated with the quantitative trait. Such QTLs may be clustered together or scattered throughout the genome. Mouse genetic studies show that an overwhelming majority of loci contributed small proportion of variance to several quantitative traits, suggesting that even endophenotypes may pose a challenge in elucidating their genetic architecture. 25 Another equally daunting challenge could be poor spatial localization of these markers in the brain. Therefore, more stable measures are recommended to be of greater utility as endophenotypes, such as brain structural measures. It must be noted that schizophrenia is a clinically and etiologically heterogeneous disorder. It is possible that some endophenotypes may be associated with certain distinct but not yet teased out biological subsyndromes, giving rise to a possibility of lower heritability or even lower effect sizes. For this reason, such observations need not deter one from examining the usefulness of endophenotypes.
One potential way forward is to improve the utility of endophenotypes by combining functionally related endophenotypes, eg, merging the brain structural changes with cognitive variations regulated by the same regions. We propose the term ''extended endophenotypes'' to a network of endophenotypes that are linked on the basis of putative or documented functional basis. Constructing such ''extended endophenotypes'' may improve our chances of delineating the pathway from the genetic variations to the behavioral phenotype and could help in deconstructing the schizophrenia phenotype into biologically more meaningful clinical phenotypes that may be amenable to developing rational pharmacotherapy. In addition, such a construct could help identify potential ''branch points'' for other related psychotic disorders.
Recent years have witnessed an expansion of neuroimaging research in psychiatric disorders, notably schizophrenia. 26 Measurements of brain structure are highly reliable and, in some cases, correlate robustly with phenomenologic features of psychiatric disorders; this makes brain structural alterations potentially attractive endophenotypes. However, few studies have critically examined whether various brain structure abnormalities in schizophrenia meet the criteria for endophenotypes.
In this paper, we examine whether brain structural alterations as measured by magnetic resonance imaging (MRI) could be considered as endophenotypes. We searched the literature databases for meta-analyses and systematic reviews using terms ''endophenotype,'' ''intermediate phenotype,'' ''neuroanatomy,'' ''brain structure,'' ''MRI,'' ''schizophrenia,'' ''genetics,'' ''psychosis,'' ''white matter,'' ''at-risk,'' and ''high-risk.'' Additionally, we searched the literature for individual studies and included relevant studies. Wherever relevant, we also searched the literature including other disorders such as bipolar disorders. We briefly review the results from consistently replicated studies, systematic reviews, and meta-analyses of the relevant literature. We consider structural imaging studies in both patients with schizophrenia and the affective psychoses and studies on at-risk populations. Further, we discuss the value of bringing together more than one endophenotype to construct pathophysiologically meaningful ''extended endophenotypes.'' Such an approach enables integration of genetic and neuroimaging paradigms in our efforts to clarify whether MRI morphometric measures meet the criteria for endophenotypes of psychotic and related disorders.
Morphometric Measures and the Endophenotype Criteria

Structural MRI Variations Are Associated With the Illness
Over the past three decades, advances in in vivo neuroimaging techniques have led to the identification of a number of brain structural abnormalities in schizophrenia and have confirmed or extended earlier postmortem findings. Investigators have adopted either region of interest (ROI) or computational voxel-wise analytical approaches. The ROI approach entails precisely defining the anatomical boundaries of each hypothesized brain region and then reliable investigators manually tracing or parcellating each region for measurement. Automated ROI approaches are either fully automated programs or involve training a neural network program to trace the region and then manually editing them. Voxel-based morphometry (VBM) performs voxel-wise analysis for the intensity on images that are normalized onto a template image.
Systematic reviews and meta-analyses of structural MRI studies in schizophrenia indicate that the wholebrain volume is reduced, particularly in gray matter, while the ventricular volume is increased. [27] [28] [29] [30] These studies found the reductions in the temporal lobe, eg, two meta-analyses reported larger reductions in the hippocampus, amygdala, and superior temporal gyrus (STG). 31, 32 Meta-analysis of individual brain regions have also revealed consistent differences with modest effect sizes. For example, reductions in thalamic volume, 33 corpus callosum area, 34 hippocampal volume, 35 and reduced leftward asymmetry of planum temporalè in schizophrenia patients 27 have also been reported. With advances in computational morphometric approaches, automated regional parcellation and VBM studies have validated results of earlier ROI-based approaches. 35, 36 Voxel-based morphometry studies consistently report gray matter density reductions in medial temporal lobes (MTLs) and the STG. 36 High-dimensional nonlinear pattern classification techniques allow one to quantify the classification accuracy between schizophrenia and healthy controls. A recent study showed average discrimination accuracy of 82% for women and 85% for men for this method between schizophrenia and healthy controls. 37 Relatively fewer studies have examined the white matter (WM) as an important endophenotype. Recent discoveries on the importance of WM beyond being a scaffolding tissue for the brain have renewed the interest of the researchers. Earlier studies on WM were somewhat equivocal in their findings. Some MRI studies using older methods of analyses did not find WM differences. 38, 39 Recent studies using diffusion tensor imaging (DTI) and magnetization transfer ratio (MTR) protocols have begun to shed more light on the WM deficits among schizophrenia patients. Magnetization transfer imaging is based on the signal loss due to an interaction of bound protons and free protons; a reduction in MTR reflects loss of myelin and axons. One study on first-episode schizophrenia patients found that the MTR was reduced in the medial prefrontal cortex, insula, and substantia uncinatus. 40 Another study using T2 relaxation reported decreased myelin water fraction, specifically in the anterior genu of the corpus callosum. 41 Studies using DTI [42] [43] [44] have showed reductions in fractional anisotropy in the frontal regions, hippocampus, corpus callosum, left fronto-occipital fasciculus, and left inferior longitudinal fasciculus. Some of these observations have been made on the first-episode, never medicated schizophrenia patients, suggesting that such alterations exist at the onset of the disease. 43 A study using statistical parametric mapping found frontotemporal WM deficits. 45 Such WM abnormalities are expected to affect the anatomical connectivity and impact the function. This was examined in a study using concurrent DTI and electrophysiological methods. In a small sample of first-episode schizophrenia patients, reduced fractional anisotropy correlated with increased anterior alpha acivity. 46 Such findings if replicated may emphasize WM abnormalities intuitively underlying schizophrenia as a ''disconnection syndrome.'' However, as can be noticed from the above review on the WM abnormalities among schizophrenia, some observations are replicated while others are not. With advances in technology to detect WM changes, the nature of abnormalities may become clearer.
Taken together, evidence so far points to the consistent association of brain structural alterations with schizophrenia. Majority of studies have suggested frontotemporal structural abnormalities to be relatively prominently present in schizophrenia patients. 37, 47 Therefore, MRIobserved cerebral structural variations may not represent diffuse changes in the brain. They may reflect localized pathology in specific neural circuitries critical to regulate brain function that underlies the disease.
Specificity to Schizophrenia
In order to evaluate the specificity of structural brain abnormalities in schizophrenia, we searched the published literature on psychotic disorder spectrum (bipolar disorders, major depressive disorders, and other psychotic disorders including delusional disorder). Structural neuroimaging literature in bipolar disorder is relatively scant; brain structure changes in affective disorder appear to be less marked but qualitatively similar to schizophrenia. 48 Relatively few studies directly compare structural differences between schizophrenia and bipolar disorder patients. Furthermore, those studies that have been done so far have had relatively small samples. Additionally, few studies have examined the relationships between MRI findings and clinical or neurobehavioral features in affective disorders. In general, whole-brain volume reduction seen in schizophrenia is not evident in bipolar disorder. [49] [50] [51] [52] [53] Bipolar patients may not show volume reductions in amygdala but may actually have volume increases. 52 Meta-analyses show more frequent signal hyperintensities in affective disorder. 50, 54, 55 A study on a cohort of schizophrenia, bipolar disorder patients and their unaffected relatives revealed reductions in WM density in the subgyral and anterior limb of the internal capsule among schizophrenia patients, whereas bipolar disorder patients showed reductions in the anterior limb of the internal capsule only. 56 On the other hand, DTI studies on bipolar disorder patients suggests increased fractional anisotropy (FA) values in the midline genu 57 and reduced FA values in the superior longitudinal fasciculus, 58 superior frontal tracts, 58, 59 and cingulate-paracingulate WM. 58 Among the euthymic bipolar patients, DTI tractography revealed increased number of reconstructed fibers between the left subgenual cingulate cortex and left amygdalo-hippocampal complex. 60 Apparent diffusion coefficient, a measure of WM fiber integrity, was bilaterally increased in the orbitofrontal cortex. 61 These data suggest that the WM anomalies are more widespread among bipolar disorder patients.
The reported similarities and differences in morphometric abnormalities in bipolar disorder and schizophrenia may be related to possible overlapping subgroups that may be associated with alterations in the same brain structures. 62, 63 One study that contrasted psychotic and nonpsychotic bipolar disorders observed that the former were associated with ventricular and left hippocampal abnormalities similar to those seen in schizophrenia. 64 Likewise, Salokangas et al observed that patients with psychotic, but not nonpsychotic, depression have enlarged ventricles. 65 Systematic neuroimaging studies on delusional disorder are even fewer. One imaging study on patients with late paraphrenia noted nonsignificantly reduced temporal lobe volumes but significant asymmetry oftemporallobes. 66 Studies employing computerized tomographic scans have revealed similar ventricle brain ratio (;13) for both late-onset paraphrenia and late-onset schizophrenia. 67, 68 In summary, brain structural alterations may cut across the traditional diagnostic boundaries between schizophrenia and affective disorders but may be unique to those with psychotic features and may discriminate between psychotic and nonpsychotic mood syndromes, suggesting some degree of specificity for psychotic illnesses.
MRI Abnormalities Are State Independent and Are Stable Over Time
This criterion is better applicable to functional changes than to the structural alterations. Structural brain abnormalities in schizophrenia could potentially be confounded by illness chronicity, 69 medication, 70 or substance abuse. [71] [72] [73] There is now strong evidence that brain structural alterations in schizophrenia is present at illness onset, in first-episode schizophrenia patients who have not been treated with antipsychotics, and also in prodromal patients. 74, 75 A recent systematic review and meta-analysis of 68 studies compared brain volumes in patients with a first-episode of psychosis with the healthy control subjects. 28 Pooled sample size from 52 studies was 1424 first-episode psychotic patients who were studied cross-sectionally. Sixteen studies had conducted longitudinal examination comprising 465 patients. Meta-analysis suggested that whole-brain and hippocampal volume were reduced (both P < 0.0001) and ventricular volume was increased (P < 0.0001) in these patients relative to healthy controls. Another meta-analysis of structural MRI studies in first-episode schizophrenia also revealed reduced whole-brain and hippocampus volumes. 76 These observations suggest that the structural abnormalities are state independent and very likely predate the illness. However, one fact cannot be ruled out conclusively at present. The disease process is known to have its onset much before the clinical manifestation starts. Therefore, the structural changes that are observed may be related to the disease process but may be relatively stable after the onset of the disease.
Several studies have been conducted on clinically stable schizophrenia patients. One study reported deformations in the hippocampal shape, especially at the head of the hippocampus 77 among clinically stable schizophrenia patients. The same authors observed similar deformations in the hippocampus among clinically ill schizophrenia patients. 78 This evidence supports that some brain structural alterations are state independent. Deformations in this region of the hippocampus suggest that the neurons located in the head of the hippocampus that send projection fibers to the frontal cortex may be affected early in the course of the illness and later in the course.
Brain structural changes appear to persist during the course of the schizophrenic illness. Meta-analysis of longitudinal studies reported significant decrease of wholebrain volume after the diagnosis, with no changes noted in the WM and cerebellum. 28 A longitudinal study found no difference in the rate of volume changes over time between patients with schizophrenia and healthy controls for any of the brain structures measured. 79 However, other studies suggest ongoing changes in the brains of schizophrenic patients during the early years after diagnosis. 80, 81 Prescription medications and substance use confound the longitudinal studies. For example, treatment with typical antipsychotics was associated with increased basal ganglia volume and decreased cortical gray matter volume. 70, 82 This was detectable even after 12 weeks of treatment. 83 In any case, such observed changes, if any, are likely to be short term, and the evidence for any lasting structural changes with long-term treatment is weak. 84 Alcohol abuse may contribute to diffuse brain structure changes or show more prominent frontal or temporal lobe alterations 73 ; however, the abnormalities in schizophrenia described earlier have been reported in patients with no history of alcohol abuse. 85 At this time, it is hard to conclude whether the brain structural alterations remain stable or change over the time as the disease progresses. Further, with the available data, it is not definitive that the structural alterations are state independent.
One useful but inadequately examined dimension is the association of developmental trajectory of gray and WM with the structural alterations observed in schizophrenia. One study examined the ratio between the gray and WM volumes among schizophrenia patients and healthy subjects. Although not a longitudinal study, regression analyses suggested that the gray/white ratio in the frontal and temporal regions decreased linearly among the healthy subjects but remained unchanged among schizophrenia patients. 86 However, there are no published studies to our knowledge as to whether the pattern of development itself could be an endophenotype. Such studies could provide insights into the neurodevelopmental trajectory and the precise developmental window to focus further research. Overall, brain structural alterations have been reported at every stage of the illness, although there is some debate about whether there is a progressive worsening of these changes with illness chronicity; these changes are unlikely to be explained by effects of medications or concomitant substance use.
Are Structural Abnormalities Related to the Cause or the Consequence of the Disorder? Do Structural Abnormalities Predict the Onset of Schizophrenia?
A review of current literature on structural brain alterations in first-episode, treatment-naïve patients suggests that these are unlikely to be the consequence of the illness. Foregoing discussion of longitudinal studies does not conclusively prove that the structural changes are indeed consequences of the disorder either. However, it is hard to directly establish the causality of structural brain abnormalities with the disease using the available evidence. Schizophrenia has been considered a neurodevelopmental disorder. The etiological factors have been proposed to impact the brain development either early in life (''early-hit'' theories) or during the adolescence (''latehit'' theories). Therefore, many structural alterations observed before the onset of the illness may be considered to be related to the cause rather than the consequence of the disorder. More specifically, structural changes that predate the onset and predict the clinical manifestation may be considered to be related to the cause of the disorder. An important caveat is that in a disorder that is intertwined with the development, it is hard to discriminate the structural changes due to the causes or those that develop as a consequence of abnormal development. Brain structural changes observed before the onset of the illness may be a consequence of the preclinical or subclinical disease process. Some indirect evidence to that effect is provided by characterizing structural brain alterations before the onset of the illness among prodromal schizophrenia patients who later develop the illness. 87 These investigators found abnormalities in the temporal (medial and lateral) and frontal (inferior frontal and orbitofrontal) regions in those who developed the disorder compared with those who did not. This suggests that the frontotemporal abnormalities in schizophrenia may be the earliest to appear. Another study on at-risk individuals reported increased prefrontal gyrification in those who developed the illness compared with those who did not. 88 Gray matter changes in the prefrontal cortex have been proposed as predictive of later onset of psychosis in high-risk subjects. 89, 90 For this reason, it can be concluded that some of the brain changes probably lie in the pathophysiological pathway that leads to the development of clinical manifestation and also probabilistically increase the risk for the future development of the disorder. The latter have been proposed by some to be important characteristics of endophenotypes. 12 
Brain Structural Measures Are Heritable
Brain structure varies between individuals, and such variability may be determined by genetic (ie, single or multiple genes) or environmental factors (eg, nutritional factors) or their interactions between these two factors. Heritability is the proportion of V P attributable to genetic variance (V G ). Heritability is a complex construct. As stated earlier, the total V P is the sum of environmental variance (V E ) and V G . Genetic variance may be broken down into additive genetic effects and dominance effects. Broad-sense heritability (H 2 ) takes all V G s into account, whereas narrow-sense heritability (h 2 ) accounts for the additive V G s only. Similarly, environmental variance may be accounted for by additive effects of multiple environmental factors. Estimation of heritability for human traits is further made complex by the fact that simple partitioning of genetic and environmental components cannot be applied. 91 This is because the genetic and environmental factors may be shared. Therefore, heritability estimates that assume V G and V E are independent may be inaccurate. If V P is accounted for by multiplicative interactions between V G and V E , then the heritability estimates may need to be suitably adjusted. For a multifactorial polygenic complex trait, such as schizophrenia, as the number of variances increase, the explanatory power of the model would decrease. Additionally, heritability estimates are affected by the power of the sample (eg, smaller samples may inflate heritability estimates), type of sample studied (eg, closer relatives such as twins provide better estimates of heritability compared with distant relatives), and the environmental differences between the samples. While reviewing the heritability estimates, it is important to note that a particular endophenotype may account for a portion of the V P . Therefore, lower heritability endophenotypes may still be useful in examining the genotype-phenotype relationship.
However, the jury is still out regarding how low a heritability estimate is acceptable for a given endophenotype.
Investigation of the genetic and environmental contributions to phenotypic variability is made possible by twin studies. While monozygotic (MZ) twins share 100% of the genes, dizygotic (DZ) twins share on average, 50% of the genes. Assuming that the twins grow up in the same environment, the variations in a measured trait may be attributable to genetic factors. This allows one to dissect the common genetic vs the common environmental contributions to variations in brain structure.
Heritability estimates from twin studies for schizophrenia range from 0.6 to 0.9. 92 Evidence for a high degree of heritability for human brain morphometric measures has been marshaled in recent neuroimaging studies. Heritability estimates were 81% for the intracranial volume, 79% for the midline cross-sectional area of the corpus callosum, and 79% for the lateral ventricular volume 93 in a study comparing the MZ twins with the DZ twins. Estimated heritability for the total brain volume was 94% in another study employing a smaller subset of younger MZ and DZ twins. 94 Low heritability was especially seen for the temporal horn of the lateral ventricles. 95 Wright et al examined the heritability of regional gray matter using path analysis and structural equation modeling. 96 There was significant evidence of a familial effect in several brain regions (14 of the 46 regions had large heritability estimates (>50%) (see table 1 ). Those regions indicated the cingulate, precentral gyrus, hippocampus and parahippocampal gyrus, superior and transverse temporal gyri, retrosplenial and supramarginal gyri, corpus striatum, and cerebellum. Asymmetries between the two hemispheres were not heritable. In addition, environmental factors appear to strongly influence ventricular volume 99, 101 (See table 1 ). Bartley et al also found that cortical gyral patterns were heritable, though to a lesser extent than cerebral volumes, but were more strongly influenced by environmental factors. 94 Carmelli et al reported heritability of 65% for the ventricular volumes in 85 elderly twin pairs. 104 There was a substantial genetic contribution to corpus callosum size and shape. 93, 105 Studies of elderly twins suggest that hippocampal volume may have relatively low heritability (40%). 95 It is possible that the environmental factors exert greater influences on more malleable structures such as the hippocampus than other regions that may be under larger genetic control. Such a finding may be brought in greater relief in studies of elderly twins whose longevity has allowed greater exposure to environmental factors. The estimates of heritability for regional volumes among schizophrenia patients are relatively scanty. In a study on twins, high correlations between MZ twin sets were seen suggesting a high degree of heritability of brain structure volumes. 106 In a recent study of schizophrenia patients, unaffected siblings, and controls, heritability estimates for volumetric differences between patients and their siblings were small 107 ; however, for volumetric reduction in the cortical volumes and hippocampal volumes, the heritability estimates were high (Risch's k, hippocampus = 3.1, left cerebral cortex = 4.9, and right cerebral cortex = 8.5). 108 In the latter case, it is assumed that the volumetric reduction is a disease marker.
On the other hand, heritability estimates for WM are quite variable. While one study finds no heritability for the WM volumes, 108 other studies have reported higher heritability estimates. One study on healthy twins found a significant age by heritability interaction in that the heritability for the gray matter decreased with age, whereas the heritability for the WM increased as an individual got older. 102 In this study, the broad-sense heritability (H Childhood-onset schizophrenia could be unique in that the genetic factors may play a larger role in the etiology and manifest more severe symptoms with poorer prognosis. Current evidence, although inconsistent, suggests that the age of onset has genetic influence. 110, 111 A higher number of cytogenetic abnormalities has also been reported among the childhood-onset schizophrenia (reviewed in references 112, 113 ). Some notable changes in MRI-measured brain morphology showed absence of prefrontal and MTL abnormalities with more prominent lateral ventricular enlargement and total gray matter volume reduction among childhood-onset schizophrenia compared with adult-onset patients. [114] [115] [116] [117] However, this specific group has not been studied adequately for endophenotype characterization.
Overall, morphometric measures appear to be as highly heritable as the disease phenotype and can therefore serve as possible endophenotypes in our efforts to study gene-behavior relationships. Global cerebral measures might have higher heritability; the relative contributions of gene and environmental factors may differ across the different brain structures. In general, the larger the samples, the more valid the heritability estimates are likely to be. Statistical power is also likely to be enhanced by the use of extended twin designs, such as using siblings of twins. 99 More studies are needed among schizophrenia patients and their relatives to clearly estimate the range of heritability estimates.
Brain Structural Abnormalities Cosegregate With the Illness
A review of extant literature clearly suggests that the brain structural variations cosegregate with the illness. The volume of the dorsolateral prefrontal cortex dose dependently correlates with the degree of genetic loading for schizophrenia in a sample of twins. 118, 119 Additionally, hippocampal volume differences became more prominent in a step-wise fashion, with each increase in the genetic load for schizophrenia. 120 Indeed, a metaanalysis of structural imaging studies on relatives of schizophrenia patients found that the largest difference was found in the volume of the hippocampus (d = 0.31, 95% confidence interval [CI] 0.13-0.49). 121 However, in twin samples, among MZ twins discordant for schizophrenia, affected twins had more hippocampal volume reduction than the healthy twins, suggesting that nongenetic and disease-related effects may be involved as well. 118, 119, 122 Structural MRI abnormalities have also been observed to incrementally increase with the proximity to the affected relative. 123 Comparison of the hypothalamic volumes in multiplex families with the singleplex, first-degree relatives of schizophrenia patients and healthy relatives found that the volumes were increased in patients and relatives compared with healthy controls. The volume increase was linear from singleplex to multiplex families. 124 Overall, the available data suggest that brain structural abnormalities cosegregate in a dosedependent manner, with the risk for schizophrenia.
MRI Abnormalities Are More Frequently Observed in Unaffected Relatives
Structural imaging data have been reported in offspring, siblings, parents, as well as the unaffected cotwins of schizophrenia patients. Early ROI studies of young relatives at risk (offspring and siblings) showed the amygdala and hippocampus volume reductions in relatives compared with controls, but most relatives did not have volume reductions to pathological levels. 125, 126 A recent systematic review and meta-analysis of studies of relatives found hippocampal reductions in relatives, with an effect size of about 0.3, and additional differences between relatives and patients. 121 Voxel-based morphometry studies have found reduced gray matter in the prefrontal cortex in relatives at high risk for schizophrenia. 127, 128 Reductions in gray matter density have been observed in prefrontal regions and thalamus in schizophrenia as opposed to no reductions in gray matter in these regions in bipolar disorder. 56, 129 Reductions in the thalamus have been reported as a measure of genetic liability to psychosis in general. 129, 130 Decreased volume and surface area in the right cingulate gyrus, a bilateral decrease in cingulate thickness, and decreased surface area in the superior temporal lobe have been reported in a series of healthy relatives of schizophrenia patients. 131 Cortical thickness and surface area are proposed as indicators of cortical cytoarchitectural integrity. Using high-dimensional pattern classification approach, unaffected family members had highly overlapping structural variations. Increased WM and decreased gray matter in the orbitofrontal cortex contributed significantly to the classification. 132 Twin studies have played an important role to dissect genetic and environmental factors in the brain abnormalities found in schizophrenia. 119, 133, 134 Comparison of affected and unaffected MZ twins sheds light on possible shared environmental factors, while the differences between unaffected twins and healthy twin pairs reflects genetic contributions. In general, several studies have suggested that genetic contributions to brain structure are seen for decreased volumes of the intracranium, whole brain, cerebrum, hippocampus, and thalamus. 103 Baare et al compared MZ and DZ twin pairs discordant for schizophrenia, with matched control twin pairs; they observed reduced whole-brain volumes and increased ventricular volumes in the unaffected members of discordant twin pairs, with a further reduction of whole-brain volume and increase in ventricular volume in the affected probands. 99 White matter volume was found to be increased among first-degree relatives of schizophrenia/schizoaffective disorder compared with patients and healthy controls. 135 In a study examining the relative contribution of genetic and environmental factors on a twin sample, global WM decreases was suggested to be due to the genetic factors, whereas gray matter was found to be associated with disease-related factors, possibly nongenetic. 136 Taken together, the majority of studies point to the presence of brain structural alterations in unaffected relatives and cotwins, although quantitatively less severe than patients with already manifest illness. This strongly supports the view that the genetic risk for schizophrenia may underlie brain structural alterations.
Are Brain Structural Alterations Associated With Symptoms of Schizophrenia?
Several structural abnormalities have been associated with the symptom clusters and individual symptoms in schizophrenia. STG volumes correlate with positive symptoms, while MTL reductions correlate with memory impairment. 26, 137, 138 Entorhinal cortex 139 and parahippocampal gyrus 140 have been associated with severity of delusions. Similarly orbitofrontal cortex has been associated with negative symptoms. 141 In general, the association of each symptom to individual regions of interest is understandably relatively weak. General consensus is that the symptoms are the result of a network of different brain regions. This is further complicated by poorly defined phenomenological boundaries and inherent subjective biases in eliciting and documenting the findings. Despite these drawbacks, many investigators have reported correlations between the severity of symptoms and the volumetric changes.
Value of Studying ''Extended Endophenotypes''
In complex psychiatric disorders where genetic, environmental, and epigenetic factors are at play, endophenotypes are likely to vary quantitatively in relatives at risk, irrespective of whether the disease is expressed using conventional phenotypic definitions (such as diagnosis). For this reason, use of multiple intermediate phenotypes that are functionally associated with each other may be more useful in understanding the pathophysiologic pathways (fig 1) . We propose the term ''extended endophenotypes'' for such a functionally linked set of endophenotypes. For example, neurocognitive deficits and personality traits that cosegregate with the illness along with correlated brain structural and functional measures may be considered ''extended endophenotypes.'' Neurocognitive variations have been found to be heritable in multiplex, multigenerational families with schizophrenia. 142 There is strong evidence for cosegregation of personality traits such as schizotypy families with schizophrenia probands. 143 Brain structural alterations have been associated with these measures. Therefore, combining the structural variations along with cognition and/or behavioral traits such as schizotypy in the same cohort may identify the markers that may be pathophysiologically more valuable. Some suggestions for such ''extended endophenotypes'' follow.
First, there is strong evidence that abnormalities in prefrontally mediated cognitive functions such as attention, working memory and reasoning, and related alterations in prefrontal structure and functions may reflect the inherited vulnerability to schizophrenia. 144 Neurocognitive functions discriminated the schizophrenia probands from their relatives and healthy controls in a sample of multiplex, multigenerational families with schizophrenia. 142 Consistent with this, the dorsolateral prefrontal structural abnormalities are dose dependently correlated with the degree of genetic loading for schizophrenia in a sample of twins. 119 Second, impairments in declarative memory processes represent another neurocognitive domain consistently abnormal in high-risk samples and nonpsychotic relatives of schizophrenia patients. 145, 146 These memory processes are tightly linked to the integrity of hippocampal structure and function, suggesting that they may reflect common inherited variations that tend to occur together. Consistent with this, a significant relationship has been described between hippocampal volume and declarative memory in relatives of schizophrenia patients. 120, 147 Additionally, hippocampal volume differences became more prominent in a step-wise fashion with each increase in the genetic load for schizophrenia. 120 Indeed, a meta-analysis of structural imaging studies on relatives of schizophrenia patients found that the largest difference was found in the volume of the hippocampus (d = 0.31, 95% CI 0.13-0.49). 121 However, in twin samples, among MZ twins discordant for schizophrenia, affected twins had more hippocampal volume reduction than the healthy twins, suggesting that nongenetic and disease-related effects may be involved as well. 119, 122 Elevated scores on schizotypy, a measure of inherited diathesis for schizophrenia, have been consistently observed in relatives at risk for schizophrenia. 143 MRI studies of schizotypal personality disorder have revealed gray matter reductions in frontal, thalamus, and parietal gyri similar to schizophrenia. 148 In high-risk adolescents, those with elevations in schizotypy have more prominent gray matter losses compared with those without. 127 These observations point to the value of examination of cosegregation between MRI measures and neurocognitive and/or behavioral traits, thereby examining the ''extended endophenotypes'' in this illness. Examination of co-occurrence of a given cognitive variation and abnormalities in the structure and function of a consistently replicated brain region associated with such a trait could shed more light. For example, one could combine individuals with a reduction in prefrontal cortical volume and poor performance on executive function and working memory tasks. Both the prefrontal cortical volume and impaired prefrontally regulated cognitive functions have been associated with poor prognosis. Specific allelic variations on some of the schizophrenia susceptibility genes have been associated with prefrontal cortical structure and function (see table 2 ). Therefore, examining individuals with specific allelic variant associated with prefrontal cortical structure and related cognitive functions in those with poor prognosis could be a potentially useful strategy. Following criteria may be useful to construct such ''extended endophenotypes'': (1) Each trait included within the extended endophenotype should meet criteria for the endophenotype, (2) the extended endophenotype should involve two or more candidate biomarkers at distinct levels of analyses, eg, cognitive and physiological, neurochemical and physiological, and structural and physiological, (3) those endophenotypes should be correlated within the individuals and should co-occur within the families of affected individuals, and (4) the traits included within the extended endophenotype should be mechanistically related, eg, declarative memory deficits and hippocampal functional abnormalities, prefrontal BOLD response abnormalities, and c-band oscillatory changes.
Conclusions
Our review supports the view that MRI morphometric measures meet many but not all of the criteria in order to be considered endophenotypes. The brain structural alterations (1) are robustly associated with schizophrenia subjects, (2) are relatively specific to schizophrenia, (3) are present in unaffected relatives, (4) cosegregate with the disorder, (5) appear to covary with the presence of broader spectrum psychopathology related to schizophrenia, (6) are moderately to highly heritable, (7) are reliably quantifiable, and (8) have some regional variations that probabilistically predict the disease. Existing data do not definitively support the view that brain structural alterations are state independent, there is relative stability across the course of the disorder, and their association with the cause rather than the consequence of the disorder exists. Furthermore, such alterations have also been shown to be associated with specific allelic variations of schizophrenia susceptibility genes (discussed later). In this sense, they appear to largely meet several criteria set forth by different investigators. 5, [7] [8] [9] [10] [11] [12] A number of caveats need to be considered in future studies involving neuromorphometric measures as intermediate phenotypes for future genetic studies.
First, recent conceptualizations of endophenotypes have pointed to the need for the assessment leading to candidate markers to be easily and rapidly administered with minimal participant demands and also to have strong testretest and cross-site reliability. While MRI studies are still somewhat expensive ($200-600 per scan), a standard structural imaging sequence can be carried out at most medical centers in less than half an hour and is noninvasive. Additionally, unlike many laboratory-based neurocognitive and electrophysiological measures, structural MRI studies pose minimal risk and are less likely to be affected by motivational demands.
Second, a key expectation of an ideal endophenotypic marker is that it should have a well understood and discrete neurobiologic mechanism tied to the proposed pathophysiology of the disorder in question as well as to the set of genes linked to the disorder. This raises the question, to what extent do brain structural measures relate to the specific genes recently implicated in schizophrenia? Table 2 shows the results of such studies that have reported associations between brain structural alterations and variations in schizophrenia susceptibility genes. Table 2 includes only those genetic variations that have been replicated in different populations. Currently replicated genetic associations in schizophrenia seem to point to a set of genes that may be pathophysiologically linked. 160 Genes likely lead to abnormalities in brain structure and function by impacting neurodevelopmental processes.
Undoubtedly, such effects reflect the combined result of several susceptibility genes and their interactions with environmental factors such as perinatal complications, [161] [162] [163] [164] exposure to infectious agents, 165 and drug abuse. 166, 167 Nevertheless, promising, but preliminary, clues have begun to emerge in regard to the nature of such susceptibility genes. For example, there is an association between reduced prefrontal gray matter volume and the polymorphisms of the gene encoding the regulator of G-protein signaling, subtype 4 (RGS4). 149, 150 Polymorphisms in the brain-derived neurotrophic factor (BDNF) gene have been suggested to be associated with schizophrenia. 168 Alterations in volumes of frontal 169 as well as MTL structures 170, 171 have been associated with this gene. Hippocampal structure is associated with DISC1 polymorphisms. 157, 172 COMT variants have been associated with increased gray matter density in the STG associated with rs2097603 (a P2 promoter SNP) and increased WM density in the left inferior frontal pole associated with rs4680 (Val allele). 151 Among chronic schizophrenia patients, decreased volume of left anterior cingulate cortex, thalamus, amygdala uncus, and left middle temporal gyrus associated with Val allele homozygosity was reported. 152 Other genes that have shown associations with various brain regions are pericentriolar material 1 (PCM 1) with orbitofrontal gyrus, 173 and interleukin-1 receptor antagonist with reduced dorsolateral prefrontal cortex, lateral ventricles, and hippocampal volumes. 174 In addition, in general, however, these relationships have been revealed in small samples of patients and healthy controls; direct understanding of the functional meaning of such relationships with genetic variation remain unclear and are beginning to be explored using functional MRI. 175 It is very likely that such multiple genes contribute interactively to regional brain structure and function.
Third, it remains unclear whether any of the MRI endophenotypes associated with schizophrenia are unique to this illness or are shared by other forms of psychosis such as bipolar disorder. Family and twin studies point to significant coaggregation of schizophrenia and bipolar disorder in families; several genes recently linked to schizophrenia such as DISC1, G72, and NRG1 have also been linked to bipolar disorder, increasingly blurring the long-held Kraepelinian divide. 26, 62, 176 A case study on the triplets discordant for schizophrenia further supports the weakness in such dichotomy. 177 The similarity between these two disorders in regard to brain structural parameters reviewed above suggests that brain structural endophenotypes may cut across traditional diagnostic boundaries. This may be a blessing in disguise because charting the markers across the ill-defined diagnostic boundaries may help the field to redraw more valid neurobiologic boundaries that possess better construct and predictive validity than those currently available.
The use of brain structural measures as endophenotypic biomarkers will likely enhance the power of molecular genetic studies to clarify the pathophysiology of major psychiatric disorders such as schizophrenia.
Such information should help us to eventually identify the specific genetic variations responsible for psychiatric disorders. Identifying specific genes associated with complex traits such as those seen in schizophrenia will remain challenging, given the many genes of small effect and their interactions with the environment. Nevertheless, such an effort will ultimately help in better characterizing psychiatric diseases and develop more specific, etiologically relevant treatments or preventative strategies. 
